We present a concept for large-area, low-cost detection of ultra-high energy cosmic rays (UHECRs) with a Fluorescence detector Array of Single-pixel Telescopes (FAST), addressing the requirements for the next generation of UHECR experiments. In the FAST design, a large field of view is covered by a few pixels at the focal plane of a mirror or Fresnel lens. We report first results of a FAST prototype installed at the Telescope Array site, consisting of a single 200 mm photomultiplier tube at the focal plane of a 1 m 2 Fresnel lens system taken from the prototype of the JEM-EUSO experiment. The FAST prototype took data for 19 nights, demonstrating remarkable operational stability. We detected laser shots at distances of several kilometres as well as 16 highly significant UHECR shower candidates.
Introduction
The origin and nature of ultra-high energy cosmic rays is one of the most intriguing mysteries in particle astrophysics [1] . Given their minute flux, less than one per century per square kilometre at the highest energies, a very large area must be instrumented to collect significant statistics. The energy, arrival direction, and mass composition of UHECRs can be inferred from studies of the cascades of secondary particles (Extensive Air Shower, EAS) produced by their interaction with the Earth's atmosphere. Two well-established techniques are used for UHECR detection: 1) arrays of detectors (e.g. plastic scintillators, water-Cherenkov stations) sample EAS particles reaching the ground; 2) largefield-of-view telescopes allow for reconstruction of the shower development in the atmosphere by imaging UV fluorescence light from atmospheric nitrogen excited by EAS particles.
The Pierre Auger Observatory (Auger) [2] [3], the largest UHECR experiment in operation, combines the two techniques, with arrays of particle detectors overlooked by fluorescence detector (FD) telescopes. Auger covers an area of over 3,000 km 2 close to the town of Malargüe in the province of Mendoza, Argentina. The Telescope Array experiment (TA) [4] [5] is the second largest experiment in operation and uses the same detection techniques as Auger. TA is located near the town of Delta in central Utah, USA, and covers an area of 700 km 2 . The High Resolution Fly's Eye experiment (HiRes) [6] , which consisted solely of FD stations (HiRes-I and HiRes-II), was operated from 1998 to 2006 on the U.S. Army's Dugway Proving Ground in western Utah.
Significant advances in our understanding of UHECRs have been achieved in the last decade by these experiments [7] . The existence of a strong suppression of the cosmic ray flux above 10 19.7 eV is now unequivocally established [8] [9] .
This observation is consistent with UHECRs being attenuated by interaction with the cosmic microwave background over distances of ∼ 100 Mpc, as predicted by Greisen, Zatsepin and Kuzmin (GZK) [10] Recently, TA has reported evidence of a hotspot in the northern hemisphere with a 3.4σ post-trial significance [23] .
These results are limited by statistics at the highest energies due to the GZK-like suppression. To further advance the field, the next generation of experiments will require an aperture which is larger by an order of magnitude.
This may be accomplished by the fluorescence detection of UHECR showers from space, as in the proposed JEM-EUSO [24] mission, or with a ground array much larger than Auger. Low-cost, easily-deployable detectors will be essential for a ground-based experiment.
In this paper, we present an FD telescope concept which would fulfill these requirements, while maintaining adequate energy, X max and angular resolution.
The Fluorescence detector Array of Single-pixel Telescopes (FAST) would consist of compact FD telescopes featuring a smaller light collecting area and many fewer pixels than current generation FD designs, leading to a significant reduction in cost. We present the FAST concept and its expected performance from simulations in Section 2. The FAST prototype installed at the TA site is described in Section 3, with details of its operation and calibration given in Section 4. Detection of UHECR showers with the FAST prototype is reported in Section 5. Finally, conclusions are drawn in Section 6. showers were generated with CORSIKA [25] , and a modified version of the Auger Off line software [26] was used for the FAST telescope simulation and shower reconstruction. Simulated showers were thrown following a realistic zenith angle distribution, and cores were placed randomly within a circle of radius 10 km in the centre of the triangular arrangement at an altitude of 1400 m above sea level. The geometry of the simulated showers was smeared (1.0 • in arrival direction and 100 m in core location) to introduce realistic surface detector uncertainties (e.g. [27] ). An example of a simulated FAST event is shown in Figure 1 . To estimate the efficiency and resolution of such a design we selected events with X max reconstructed within the FOV, and with an observed slant depth greater than 200 g/cm 2 . The reduced χ 2 of the longitudinal profile fit was required to be less than 5. The corresponding efficiency, energy resolution, and X max resolution as a function of energy are given in Figure 2 . As expected,
FAST concept and expected performance
FAST performs best at the highest energies (> 10 19.5 eV), where reconstruction efficiency is close to 100%, energy resolution is ∼ 10%, and X max resolution is ∼ 34 g/cm 2 . The quality of the reconstruction at the highest energies is comparable to that of current generation FDs, making FAST a viable low-cost option for next generation UHECR experiments.
FAST prototype at the Telescope Array site
A first test of the FAST concept was performed profiting from the existing infrastructure of the JEM-EUSO experiment at the TA site in Utah, USA, where a prototype [28] is currently installed for a comprehensive test of the optics and electronics of this space-based detector. The light collecting area (∼ 1 m 2 ) and circular FOV (∼ 7
• radius) of the JEM-EUSO prototype telescope (EUSO-TA telescope) are close to the FAST reference design (for a single pixel) providing a perfect test bed for the FAST concept.
The EUSO-TA telescope is hosted in a small hut in front of the TA FD The electronics and data acquisition system (DAQ) of the FAST prototype were built from commercial modules. The PMT was kept at +908 V high voltage (mod. N1419, CAEN), corresponding to a gain of ∼ 5 × 10 4 . PMT signals from both the anode and last dynode were amplified (×50 by mod. 777, Phillips
Scientific and ×10 by mod. R979, CAEN, respectively) to provide a large dynamic range, and then passed through a low-pass filter before digitization by a 12-bit FADC (mod. SIS3350, Struck Innovative Systeme). An FADC sampling rate of 50 MHz was used. The digitizer was hosted in a portable VME crate (mod. VME8004B, CAEN), together with a controller (mod. V7865, GE Intelligent platforms) and a GPS unit (mod. GPS2092, Hytec) providing event time stamps. Whenever any of the fluorescence telescopes in the adjacent TA building were triggered by a candidate UHECR shower an external trigger was issued to the FAST DAQ, with a typical rate of ∼ 3 Hz [29] . In addition, a high-threshold internal trigger was periodically activated during data taking to collect YAP signals for monitoring purposes. The FAST DAQ was remotely controlled via a wireless network.
Measurements at the TA site
The FAST prototype operated for 19 days in April and June 2014 during clear, moonless nights for a total of 83 hours. Several measurements were performed to validate the FAST concept, including studies of the night-sky background, of the stability of the YAP signal, and of distant UV laser shots. In this section we outline the results of these measurements.
Night sky background and stability
The average current of a pixel in any FD telescope is dominated by the night sky background, typically ∼ 100 photons/deg 2 /m 2 /µs. Current generation FD telescopes have a small FOV when compared to the ∼ 7
• radius of the FAST prototype. Since the average pixel current is proportional to the light collecting area of the telescope and the pixel solid angle, we expect a significantly larger current in the FAST prototype. Stability of the PMT gain under these conditions must be verified. On the other hand, the FAST pixel should be quite insensitive to bright UV stars that would produce a large fractional increase in the current when entering a small FOV pixel. Also, the night-sky background must be well characterized since its fluctuations ultimately determine the energy threshold for UHECR detection.
AC coupling of the FAST PMT does not allow for a direct measurement of the average current. However, fluctuations in the NSB are recorded as fluctuations in the PMT pedestal, whose variance σ 2 ADC is linearly related to the average photocathode current I pc for a noiseless system [30] . The variance of the FAST PMT had been previously calibrated in terms of photocathode current with a light source of known flux in a dedicated laboratory measurement.
We used this calibration to interpret the variance measured during field operation of the FAST prototype. A large increase in the FAST PMT variance is observed after opening the shutter at the beginning of the night (Figure 4 ).
With the shutter closed, the variance is dominated by the noise in the FAST electronics chain, equivalent to I pc = 15 p.e./100 ns. With the shutter opened, a photocathode current of 115 p.e./100 ns is measured, indicating that the electronic noise is negligible with respect to the NSB. The r.m.s. fluctuations in the NSB, σ NSB ∼11 p.e./100 ns, dictate the sensitivity of the FAST prototype.
The evolution of I pc during seven hours of continuous data taking is shown in Figure 5 . A smooth decrease as a function of time is observed, representing the change in the NSB during operation. We did not observe sudden jumps in the current, confirming that bright UV stars passing through the FAST FOV have a negligible effect.
The FAST PMT gain was monitored during data-taking with the stable light pulses provided by the YAP source. An example of a digitized YAP signal is given in Figure 6 . The measured variation in the YAP signal during a night is shown in Figure 7 . The overall change is small (∼ 7%) and consistent with the known temperature dependence of the PMT gain (∼ −1%/
• C). We expected an increase in the gain as the temperature drops during the night, since the housing of the FAST prototype is not temperature controlled. shower. We made extensive use of these laser facilities to characterize the performance of the FAST prototype.
Detection of distant laser shots
The signal measured by FAST for a single PLS shot is shown in Figure 8 , with the PLS located at a distance of 6 km. The signal is well above the NSB level, and individual pulses were detected with 100% efficiency. We used this data to calibrate the relative timing between FAST and the TA FD by comparing the GPS time recorded by the two detectors for the same laser shot. An offset was expected, since the external trigger to the FAST DAQ required some processing time in the TA trigger board. The distribution of the difference between the FAST and TA fluorescence detector GPS times is shown in Figure 9 . An offset of 20.86 µs was measured, attributed to the TA trigger processing time. The r.m.s. of ∼ 100 ns is consistent with the GPS resolution, and adequate for the purpose of the FAST prototype test. A precise measurement of this relative timing was essential in the search for UHECR showers presented in Section 5.
We also performed measurements with the CLF, whose laser shots passed right through the center of the FAST FOV. The CLF signal was expected to be attenuated to the limit of detectability due to its distance from the FAST prototype. Individual CLF laser pulses could not be resolved. However, a clear signal was observed when averaging over many laser shots ( Figure 10 ). The average signal amplitude was found to be 7 p.e./100 ns, indeed too small to allow for the detection of individual shots (compared with σ NSB , see Section
4.1).
A simulation of the FAST prototype's response to laser shots was performed to compare with the PLS and CLF data. For this purpose, the efficiency of the EUSO-TA telescope as a function of angle was obtained from a ray-tracing simulation of the Fresnel lenses ( Figure 11 ). The FAST simulation included the wavelength dependent quantum efficiency of the FAST PMT (measured in a dedicated laboratory setup before installation) and realistic light attenuation in the atmosphere due to Rayleigh and Mie scattering (with parameters typical of the TA site) [34] . The simulated signal for PLS and CLF laser shots is given in Figure 12 and 13, respectively. In both cases the amplitude and time width are in good agreement with the measurements (cf. Figures 8 and 10 ).
Detection of UHECR showers
Detection of very energetic showers (> 10 19 eV) in the limited running time of the FAST prototype was unlikely. However, we expected to observe a few lower energy close-by showers. A search was performed, driven by well reconstructed TA FD events which generated an external trigger for the FAST DAQ.
First we selected TA FD events with a reconstructed shower geometry passing through the FOV of the FAST prototype (Figure 14 Although small, this sample provides an estimate of the sensitivity of the FAST prototype. The correlation between the impact parameter (i.e. the distance of closest approach of the shower axis with respect to the FAST prototype) and the energy of the 16 showers is plotted in Figure 15 , with shower parameters given by the standard reconstruction of the TA FD [35] . At any given energy, we expect showers to be detected up to a maximum impact parameter, r det .
An approximate r det bounding our limited data set is indicated by the line in Figure 15 . When extrapolated to 10 19.0 eV a maximum detectable distance of ∼ 15 km is obtained, which is a good indication of the validity of the concept introduced in Section 2.
We also compared the sample of detected showers with simulations. For each shower candidate we generated a shower with the same energy, direction and core position (as determined by the TA FD reconstruction). The corresponding FAST signal was simulated taking into account the telescope optics, the atmospheric attenuation and the PMT quantum efficiency as described in Section 4.2.
Examples of simulated FAST traces are given in Figure 16 , together with the measured traces of the corresponding candidate showers. The amplitude and shape of the simulated pulses are in good agreement with the measurements.
Conclusions
We have presented a novel concept for an air shower fluorescence detector, which features just a few pixels covering a large field of view. The FAST concept may be used in the next generation of UHECR experiments, which will require low cost detectors to achieve an order or magnitude increase in aper- 
